Noninferiority trial design and analyses are commonly used to establish the effectiveness of a new antimicrobial drug for treatment of serious infections such as complicated urinary tract infection (cUTI). A systematic review and meta-analysis were conducted to estimate the treatment effects of three potential active comparator drugs for the design of a noninferiority trial. The systematic review identified no placebo trials of cUTI, four clinical trials of cUTI with uncomplicated urinary tract infection as a proxy for placebo, and nine trials with reports of treatment effect estimates for doripenem, levofloxacin, or imipenem-cilastatin. In the meta-analysis, the primary efficacy endpoint of interest was the microbiological eradication rate at the test-of-cure visit in the microbiological intent-to-treat population. The estimated eradication rates and corresponding 95% confidence intervals (CI) were 31.8% (26.5% to 37.2%) for placebo, 81% (77.7% to 84.2%) for doripenem, 79% (75.9% to 82.2%) for levofloxacin, and 80.5% (71.9% to 89.1%) for imipenem-cilastatin. The treatment effect estimates were 40.5% for doripenem, 38.7% for levofloxacin, 34.7% for imipenem-cilastatin, and 40.8% overall. These treatment effect estimates can be used to inform the design and analysis of future noninferiority trials in cUTI study populations.
C
omplicated urinary tract infections (cUTI) occur in persons with structural or functional abnormalities of the urinary tract and in hospitalized patients with significant medical or surgical comorbidities (1, 2) . These infections are a major cause of hospital admission, morbidity, mortality, and excess health care costs (3) (4) (5) (6) . National and international treatment guidance for urinary tract infections includes recommendations for targeted and empirical treatment of the major causative pathogens, including Escherichia coli, Klebsiella pneumoniae, and non-Enterobacteriaceae organisms such as Pseudomonas aeruginosa (7) (8) (9) .
Of notable concern for the clinical care of patients with cUTI and other serious infections is effective antimicrobial treatment amid the emergence and spread of drug-resistant pathogens (10, 11) . To demonstrate efficacy of a new or test antimicrobial agent for the treatment of adult subjects with cUTI, randomized parallel-group noninferiority phase 3 trials have traditionally been used to meet regulatory requirements for approval of the test drug (12) . An active-comparator, noninferiority study design is generally used in cUTI trials given the ethical implications of placebo treatment (13, 14) . In order to conduct a noninferiority trial, an estimate of the treatment effect of the planned antimicrobial comparator must be obtained from historical data (12) . Once an estimate of the treatment effect of the antimicrobial comparator is determined, the largest clinically acceptable difference of the test drug compared to the comparator must be decided. This decision is critical to the design, analysis, and interpretation of a noninferiority trial.
We conducted a systematic review and meta-analysis of antimicrobial cUTI treatment effects to inform the future design of noninferiority trials. Although aminopenicillins, cephalosporins, other fluoroquinolones, and carbapenems are prescribed as cUTI treatment, we a priori restricted our systematic review to doripenem, levofloxacin, and imipenem-cilastatin as drugs representative of potential active comparators for hospitalized adults with cUTI for a global clinical development program of phase 3 registration trials. The systematic review included published clinical trials for placebo, doripenem, levofloxacin, and imipenem-cilastatin; source documents were restricted to published historical clinical studies and, if relevant, Summary Basis of Approval documents from the U.S. Food and Drug Administration (FDA). The systematic review incorporated the principles and recommendations for standardized data quality assessment and reporting of results (15) (16) (17) . A predefined meta-analysis plan defined the efficacy variables, endpoints of interest, and computational methods to estimate the treatment effects of the three antimicrobial agents identified in cUTI clinical trials over the past 2 decades.
MATERIALS AND METHODS
Identification of studies. We conducted computer-based literature searches and systematic reviews to identify published historical placebocontrolled and antimicrobial comparator trials of cUTI, inclusive of hospitalized acute pyelonephritis. The searches were conducted using the MEDLINE search engine (PubMed; U.S. National Library of Medicine, National Institutes of Health [http://www.ncbi.nlm.nih.gov]) and EM-BASE (Biomedical and Pharmacologic Database; Elsevier). The search for publications of placebo treatment effect was defined as all publications prior to 30 November 2011. In contrast, the search for publications of the antimicrobial treatment effect was restricted to the time interval from 1 January 1978 through 30 November 2011 to reflect the execution of contemporary trials.
The initial search identified no placebo-controlled trials with cUTI, and hence, the search was extended to include placebo-controlled trials with uncomplicated urinary tract infections (uUTI) and randomizedcontrolled trials (RCTs) of cranberry (juice or extract) for the treatment of uUTI. For placebo treatment effect in uUTI trials, the search terms were "urinary tract infection," "placebo," and "clinical trial." For cranberry treatment effect in uUTI trials, the search terms were "cranberry juice," "cranberry extract," or "Vaccinium macrocarpon," "urinary tract infection," and "placebo-controlled clinical trial." For trials of antimicrobial treatment effect, the search terms were "doripenem," "levofloxacin," or "imipenem-cilastatin," "complicated urinary tract infection" or "acute pyelonephritis," and "randomized clinical trial." An additional search was conducted to identify antimicrobial treatment effect in postmarketing studies, with the search terms "postmarketing studies," "complicated urinary tract infection," "clinical trial," and "doripenem," "levofloxacin," or "imipenem-cilastatin." In each search, Boolean operators (AND, OR) were used in succession to narrow or widen the respective search, with restrictions to studies conducted in human adults. Additionally, relevant articles from the reference listings and abstracts, and from Summary Basis of Approval documents, were reviewed to minimize ascertainment and publication bias.
Subjects in trials who received inappropriate antimicrobial treatment were recommended for potential inclusion in the assessment of placebo treatment effect of noninferiority cUTI trials by the FDA (12, (18) (19) (20) . Inappropriate or inadequate antimicrobial treatment has generally been defined as treatment with an antimicrobial agent to which the bacteria causing the infection were resistant (12) . We conducted a systematic literature search for such reports of inappropriate or inadequate treatment of uUTI or cUTI in PubMED and EMBASE, using combinations of the following search terms: "inappropriate treatment," "inadequate treatment," "delayed treatment," and "urinary tract infection"; no publications were identified. For assessment of inappropriate antimicrobial treatment in cUTI, trials were restricted to three publications reported in the FDA guidance for noninferiority trial assessment of cUTI and the final selection of trials included in the meta-analysis from our systematic review (12, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) .
Eligibility criteria. Eligible studies were original placebo-controlled trials that either compared the efficacy of an antimicrobial agent to placebo in uUTI or the efficacy of an antimicrobial agent in cUTI and the registration trials and postmarketing studies for doripenem, levofloxacin, and imipenem-cilastatin. Studies were limited to adults of Ն18 years of age and excluded for one or more of the following criteria: (i) pediatric studies, (ii) duplicate studies, (iii) review papers, (iv) studies with incomplete data, (v) observational studies, and (vi) studies among outpatient populations. Observational studies were not eligible for inclusion in the assessment of treatment effect, given the heterogeneity of such study populations relative to subjects enrolled in clinical trials. In addition, three trials of levofloxacin with initial oral therapy, reported in four publications, were excluded from the primary meta-analysis but included in the sensitivity analyses (28) (29) (30) (31) .
Data extraction. Two reviewers independently assessed the identified publications and studies for trial eligibility, data quality, and efficacy data. For each trial, the following data were systematically extracted: (i) general study characteristics, including the author, publication date, study drug, comparator, study population description, study years, countries or regions where study was conducted, study design, number of study centers, number enrolled, intent-to-treat (ITT) population, microbiological ITT population, modified microbiological ITT population, microbiologically evaluable population, and clinically evaluable population; (ii) baseline demographics, including age, gender, geographic regions, and baseline diagnosis; (iii) microbiological eradication rates in the microbiologically evaluable population at test of cure (TOC), late follow-up, and end of treatment; (iv) microbiological eradication rate in the modified microbiological ITT population at TOC; (v) microbiological eradication rates in the microbiological ITT population at end of treatment and posttherapy; (vi) clinical cure rates in the clinically evaluable population, as well as at TOC, late follow-up, end of treatment, and posttherapy; (vii) study methodology, including blinding, randomization, duration of therapy, eligibility criteria, inclusion criteria, exclusion criteria, primary outcome variable, secondary outcome variable, urine collection methods, threshold for bacterial quantification in the urine culture (number of CFU/ml), and noninferiority margin used; (viii) study definitions and time point definitions of early and late follow-up, end of treatment, posttherapy, and poststudy; and (ix) subgroup cure rates stratified by cUTI and acute pyelonephritis. Assessment of risk of bias in the final selected studies was performed in duplicate by two independent assessors, using a three-item metric scale which allows for the assessment of potential sources of bias due to methodological quality of study design, randomization, allocation concealment, and the handling of patient attrition or loss to follow-up (35) . Discrepancies in the assessment of risk of bias using this scale were resolved by further discussion until consensus between the two assessors was reached.
Meta-analysis and statistical methods. The primary efficacy endpoint of interest was the microbiological eradication rate assessed at the TOC visit (5 to 9 days after the last dose of study medication) in the microbiological ITT population. If the eradication rate was not available or not reported for the TOC visit, the response rate at the late follow-up visit or end-of-treatment visit was substituted based on proximity in time to the TOC visit window. Additionally, sensitivity analyses of the microbiological eradication in the microbiologically evaluable population and the clinical response in the clinically evaluable population were conducted when data allowed. A meta-regression was also conducted to adjust for the route of administration in the five levofloxacin trials.
The treatment effect of an antimicrobial treatment was calculated as the difference of the eradication rate for the antimicrobial treatment and the eradication rate for the placebo treatment. Ideally, a treatment effect estimate was obtained from historical randomized placebo-controlled trials of the antimicrobial treatment. Since no historical placebocontrolled studies involving doripenem, levofloxacin, or imipenem-cilastatin were available, sequential indirect comparisons were necessary to estimate the antimicrobial treatment effect. First, the placebo rate was estimated from studies that involved placebo in the treatment of uUTI, which was used as a proxy for the placebo rate in cUTI. Second, the treatment effect rates of doripenem, levofloxacin, and imipenem-cilastatin were determined from cUTI studies. Lastly, the treatment effects of doripenem, levofloxacin, and imipenem-cilastatin versus placebo were estimated through cross-trial comparisons. The cross-trial comparison to estimate the antimicrobial treatment effect was calculated as the difference between the lower bound of the 95% confidence interval (CI) for each comparator and the upper bound of the 95% CI for the proxy of placebo (12) . This methodology was also used by the FDA in their guidance document on design of noninferiority trials (12, 13) . To account for interstudy variability in the analysis of overall treatment effect, a weighted, noniterative, random-effects model was utilized, using R (metaphor) software, to obtain an estimate of the microbiological eradication rate and corresponding 95% CI for each treatment group (36) . This method is commonly used for meta-analysis of clinical trials, as it accounts for the heterogeneity of studies through a statistical parameter that represents the interstudy variation of the trials in the model (36) . To examine the sensitivity of results to the meta-analysis method, sensitivity analyses were conducted using fixed-effects models. When four or more studies were included in the meta-analysis, the interstudy heterogeneity was assessed, and the P value and I 2 value were reported (37). The P values were computed based on Cochran's chi-square test for interstudy heterogeneity, and I 2 values were measures of the proportion of total variation in the study estimates that was due to heterogeneity.
RESULTS

Placebo treatment effect in urinary tract infections.
No publications were identified in the systematic search for cUTI placebocontrolled trials. Two subsequent searches were conducted to estimate a proxy estimate for the placebo response rate (Fig. 1) . In one systematic search of cranberry juice or cranberry extract treatment in clinical trials for urinary tract infection, 116 publications were identified in PubMed, and 348 publications were identified in EMBASE. The screening process resulted in the exclusion of all publications identified in each search; no publications were eligi-ble for inclusion. In another systematic search for placebo-controlled clinical trials of urinary tract infection (presumed uncomplicated), 459 publications were identified in PubMed, and 2,303 publications were identified in EMBASE (Fig. 1) . The screening process resulted in the exclusion of 453 of the publications from PubMed and 2,296 searches from EMBASE, resulting in seven nonduplicate, eligible publications (21) (22) (23) (24) (38) (39) (40) . Four of these seven eligible publications met the final inclusion criteria (Table  1) , with full review of the study by Dubi et al. after certified translation of the publication from French into English (21) (22) (23) (24) . The estimated microbiological eradication was 31.8% (95% CI, 26.5% to 37.2%) among 291 subjects in four uUTI trials. No study heterogeneity was detected (P value ϭ 0.68; I 2 ϭ 0), the funnel plot did not suggest publication bias (data not shown), and a forest plot of the meta-analysis is depicted in Fig. 2a .
Inappropriate antimicrobial therapy treatment effects. Among the 14 publications meeting inclusion criteria for the meta-analysis as either placebo (n ϭ 4) or antimicrobial (n ϭ 10) trials, 4 were identified as reports with cases meeting criteria for assessment of inappropriate antimicrobial treatment effects (20, 21, 26, 27) . Microbiological eradication was different among 76 case subjects in four trials of uUTI, acute pyelonephritis, and cUTI ( Table 2 ). The random-effects weighted estimate of treatment response for these cases was 28.6% (95% CI, 18.7% to 38.5%). 
Antimicrobial treatment effects in cUTI.
In the systematic search for clinical trials of adults with cUTI, the identification process yielded 11,259 publications in PubMed and 19,274 publications in EMBASE (Fig. 1) . No postmarketing trials meeting the search term criteria were identified. The screening process resulted in 37 publications from PubMed and 24 publications from EMBASE, resulting in 10 nonduplicate, eligible publications (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . Among these eligible publications, two reported on doripenem, six reported on levofloxacin, and three reported on imipenem-cilastatin; one of the doripenem trials also reported on levofloxacin ( Table 3 ). The funnel plot for these publications did not detect a publication bias (data not shown), and the risk-ofbias scores ranged from 0 to 5 based on a three-item metric assessment (Table 3 ). The Dori-06 trial was an open-label study that used the same inclusion criteria as the Dori-05 trial and, by design, had the same duration of therapy, outcome assessments, and endpoints (25, 26) . The five levofloxacin clinical trials, reported in six publications, were partitioned as two trials of initial intravenous (i.v.) levofloxacin and three trials with initial oral levofloxacin (as reported in four publications). Given that the meta-analysis focus was a hospitalized adult target population with cUTI, only the two levofloxacin trials with initial i.v. therapy were included in the primary meta-analysis (25, 27) . One of the three eligible imipenem-cilastatin trials met final inclusion criteria for the metaanalysis (33) . The study by Colardyn and Faulkner reported serious bacterial infections, including cUTI as a subgroup, but the microbiological eradication rate for imipenem-cilastatin was not available (34) . The study by Naber et al. was excluded because the sample size of the microbiological eradication rate for imipenemcilastatin was not reported (32) . The estimated microbiological eradication rates were 81% (95% CI, 77.7% to 84.2%) for doripenem, 79% (95% CI, 75.9% to 82.2%) for levofloxacin, and 80.5% (95% CI, 71.9% to 89.1%) for imipenem-cilastatin. The pooled microbiological eradication rate was 80.1% (95% CI, 78% to 82.2%); no study heterogeneity was identified (P value ϭ 0.7; I 2 ϭ 0). The results of the meta-analyses are summarized in Table 4 , and a forest plot of the primary metaanalyses is depicted in Fig. 2b .
Estimation of antimicrobial treatment effects for complicated urinary tract infection. In the cross-study comparisons to estimate the antimicrobial treatment effects for cUTI, the difference between the lower bound of the 95% CI for each antimicrobial agent and the upper bound of the 95% CI for placebo was calculated (12) . The treatment effect estimates were 40.5% for doripenem, 38.7% for levofloxacin, and 34.7% for imipenemcilastatin. The overall treatment effect estimate was 40.8% when historical data for all three antimicrobial drugs were considered.
Sensitivity analyses. For each antimicrobial treatment, the microbiological eradication rate in the microbiologically evaluable population and the clinical response rate in the clinically evaluable population were estimated to check the sensitivity of results to either different endpoints or different analysis populations (Table  4) . The microbiological eradication rates and clinical response rates in these evaluable populations were generally higher than the rates in the microbiological ITT population. For levofloxacin treatment, a meta-regression analysis was conducted, with initial route of administration as a study-level covariate for all five levofloxacin trials. The estimate of microbiological eradication rate for levofloxacin was 79.0% (95% CI, 75.1% to 82.9%) in the microbiological ITT population, which approximated the 79.0% (95% CI, 75.9% to 82.2%) eradication rate estimated in the two levofloxacin trials with initial i.v. therapy. Overall, there were no marked differences between the treatment effect estimates determined by the fixedeffects models versus the random-effects models. 
DISCUSSION
The major finding from this systematic review and meta-analysis is the highly consistent cUTI treatment effect estimates for doripenem (40.5%), levofloxacin (38.7%), and imipenem-cilastatin (34.7%). These estimates, together with the pooled treatment effect (40.8%), suggest a low level of heterogeneity among welldesigned and well-executed clinical trials in cUTI study populations. There was little evidence of between-study variance among the three antimicrobial agents or significant bias based on the different sample sizes for each comparator (Fig. 2b) , with consequent enhanced objective evidence of antimicrobial treatment estimates for future design and analysis of cUTI noninferiority trials. The methodology in this meta-analysis to estimate the treatment effect, as the difference between the lower bound of the 95% CI for each comparator and the upper bound of the 95% CI for the placebo proxy, has frequently been used by the FDA (12) . This approach generally yields a conservative estimate, which can have a significant impact on sample size and the feasibility of conducting noninferiority trials. One could argue that an alternate approach which estimates the treatment effect as the difference in the point estimates of the response rates between the treatment groups may be more realistic. Application of this metric for the estimation of treatment effect would result in higher and more consistent estimates for doripenem (49.2%), levofloxacin (47.2%), and imipenem-cilastatin (48.7%). Debate exists in the literature for use of other alternative methods to estimate the antimicrobial treatment effect (41) . The systematic review identified historical clinical trials of treatment effect as a proxy of placebo treatment effect. The placebo treatment effect estimate of 31.8% (95% CI, 26.5% to 37.2%) was similar to the estimate of 28.6% (95% CI, 18.7% to 38.5%) for inappropriate antimicrobial treatment response. Together, these proxies for placebo treatment effect likely overestimate the true placebo treatment effect of subjects with cUTI, given the lower severity of infection in subjects with uUTI than that in subjects with cUTI. The systematic review also identified historical clinical trials of three antimicrobial drugs. These drugs were a priori selected as being representative of proposed comparator drugs in future global cUTI antimicrobial development programs. Ten trials were eligible, among which five were included in the primary meta-analysis, four were included in the sensitivity analysis, and one trial was excluded due to a lack of necessary data. Notably, the bias scores for these trials ranged from low to high, given potential bias related to quality of design, randomization, blinding, and the handling of patient attrition (35) . Nonetheless, all were included in the meta-analysis because of the required available data necessary to estimate the treatment effect. Most notably, a higher bias score occurred for one of the two pivotal doripenem trials that lacked allocation concealment, reflecting the secular changes in optimized robust trial design since the creation of the three-item metric in 1996 (26, 35) .
We acknowledge several limitations associated with this metaanalysis. First, and perhaps most notably, there were ascertainment and reporting biases inherent in the study design given the recognized heterogeneity of and inconsistencies within the reported study measures, endpoints, and gaps in available information (15) (16) (17) . Nonetheless, the three antimicrobial drugs had very similar treatment effect estimates. Second, the placebo treatment effect estimate was likely overestimated given the use of proxy data for placebo treatment effect in uUTI, a less severe infection. Third, as noted in the U.S. FDA guidance for noninferiority trial design, the use of data representing inadequate antimicrobial therapy may result in a conservative estimate of placebo rate, because even inappropriate or inadequate therapy may have some effect on the treatment outcome (12) . Given the challenges in the search of such studies, we restricted the identification of inappropriate antimicrobial treatment to studies identified in this systematic review, which resulted in a heterogeneous group of subjects with uUTI, acute pyelonephritis, and cUTI (Table 2) . Fourth, we did not exclude any studies based on risk of bias assessment. Despite risk for high bias based on the three-item Jadad metric, all included trials had necessary data to estimate the cUTI treatment effect (35) . Lastly, we were unable to incorporate data regarding development of resistance to the administered antimicrobial agents into the meta-analysis; this could perhaps be a subject of future investigations.
With respect to study implications and future trials, the metaanalysis results were robust in regard to analysis models and indicative of little interstudy heterogeneity (41) . The primary efficacy endpoint in cUTI clinical trials has historically been the microbiological response at the follow-up visit, typically 5 to 9 days after the last treatment dose in the microbiological ITT population, which consists of all assigned subjects with microbiologically evaluable uropathogens at the baseline visit (13, 14) . In a recent addendum to the guidance on bacterial infections, the European Medical Agency (EMA) still recommended to assess primary endpoints at a TOC visit occurring approximately 7 days after the last possible day of treatment and requested the microbiological ITT and microbiologically evaluable populations as the co-primary analysis populations (14) . In contrast, the FDA recently defined different time points for assessing the primary endpoint for an investigational i.v.-only drug with a switch to an FDAapproved oral drug. In trials for an investigational i.v. drug with a minimum of 5 days of i.v. therapy and a planned switch to another oral drug, the clinical and microbiological response at day 5 was the primary endpoint, and maintenance of resolution of the core symptoms of cUTI and microbiological success 7 days after the completion of antimicrobial therapy were recommended as the primary endpoints (13) . However, for an investigational i.v. drug with an oral switch, the recommended time point for assessment of the primary efficacy endpoint remains 7 days posttherapy, or the traditional TOC visit, which is the same as the EMA's guidance.
In summary, the results of this meta-analysis for treatment effect estimates from clinical trial populations with cUTI will inform the design, execution, and analysis of future cUTI trials. The proportion of successfully treated subjects with antimicrobial treatment suggests that additional information regarding emergence of resistance will further inform treatment effect estimates in future trials.
